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Plasticity in Fast Synaptic Inhibition
of Adult Oxytocin Neurons Caused by Switch
in GABAA Receptor Subunit Expression
by a developmental program that ceases in the mature
CNS (Couturier et al., 1990; Laurie et al., 1992; Poulter
et al., 1993; Fritschy et al., 1994; Mathews et al., 1994).
The degree towhich individual neurons in the adult brain
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Whiting, 1996). In the CNS, the heterogeneity in receptorThe Babraham Institute
subunit expression is clearly reflected in a wide region-Cambridge CB2 4AT
and neuron-specific expression of particular subsets ofUnited Kingdom
GABAA receptor subunits (Wisden et al., 1992; McKernan
and Whiting, 1996). Recombination studies indicate that
GABAA receptor subtype heterogeneity is likely to en-Summary
gender differences upon the ion channel kinetics and
the allosteric modulatory properties of GABAA receptorsWe found that magnocellular oxytocin neurons in adult
synthesized by specific neuronal cell populations (Ver-female rats exhibit an endogenous GABAA receptor
doorn et al., 1990; Sieghart, 1995). However, at present,subunit switch around parturition: a decrease in a1:a2
relatively little is known about the relationship betweensubunit mRNA ratio correlated with a decrease in allo-
GABAA receptor subunit expression and the functionalpregnanolone potentiation and increase in decay time
and pharmacological properties of GABAA receptors inconstant of the GABAA receptor-mediated IPSCs in
native neurons of themammalian CNS. This is due in partthese cells. The causal relationship between changes
to the unknownstoichiometry of theGABAA receptor, thein a1:a2 mRNA ratio and the ion channel kinetics was
large number of potential receptor subtypes, as well asconfirmed using in vitro antisense deletion. Further,
the difficulties in establishing the physiological rele-GABAA receptors exhibited a tonic inhibitory influence vance of data from in vitro recombinant receptor prepa-upon oxytocin release in vivo, and allopregnanolone
rations for the postsynaptic receptor functioning in na-helped to restrain oxytocin neuron in vitro firing only
tive neurons.before parturition, when the a1:a2 subunit mRNA ratio
We have shown recently that magnocellular oxytocinwas still high. Such observations provide evidence for
neurons located in the supraoptic nucleus (SON) of thethe physiological significance of GABAA receptor sub- hypothalamus express only the a1, a2, b2/3, and g2
unit heterogeneity and plasticity in the adult brain.
subunits of the GABAA receptor (Fenelon and Herbison,
1995; Fenelon et al., 1995) and that the expression of
Introduction specific subunit mRNAs by these neurons changes at
different time points during the reproductive life of the
A substantial degree of heterogeneity in neurotransmis-
female rat (Fenelon and Herbison, 1996). The most strik-
sion within the brain results from the ability of neurons
ing finding has been that expression of the a1 subunit
to express different subtypes of specific classes of ex- alone is elevated during pregnancy, when oxytocin neu-
citatory and inhibitory ligand-gated ion channel recep- rons are electrically quiescent, and then falls at the time
tors (Laurie et al., 1992; Monyer et al., 1992; Jonas and of parturition, when oxytocin neurons become active to
Burnashev, 1995; McGehee and Role, 1995; McKernan facilitate the process of parturition (Fenelon and Herbi-
and Whiting, 1996). For example, the differential expres- son, 1996). These observations suggested to us that
sion of the GluR2 subunit by distinct neuronal cell popu- adult magnocellular oxytocin neurons may alter the ex-
lations determines the calcium permeability of their pression pattern of their GABAA receptors under chang-
AMPA-type glutamate receptors (Geiger et al., 1995; ing physiological circumstances and that, as such, they
Burnashev, 1996; Jia et al., 1996). Similarly, the ability of may represent a good model for examining the conse-
extracellular magnesium ions to block NMDA receptors quences of GABAA receptor plasticity in native adult
depends upon the heteromeric composition of the chan- neurons of the rat brain. Using this model, we now dem-
nel (Monyer et al., 1992). The different patterns of recep- onstrate the existence of substantial GABAA receptor
tor subtypes exhibited by anatomically and functionally plasticity in a single neuronal cell phenotype in the adult
defined neuronal cell groups appear to be determined CNS and provide an in situ demonstration of the depen-
dence of GABAA receptor ion channel kinetics and neu-
rosteroid sensitivity upon the relative expression of its# To whom correspondence should be addressed.
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Comparison of a1 relative to a2 subunit mRNA expres-
sion within individual animals revealed relative a1:a2
ratios of 1.24 6 0.04 at P19, 1.02 6 0.05 at P20, and
0.79 6 0.06 at PPD1. These indicate that a significant fall
in the relative a1:a2 subunit mRNA content of oxytocin
neurons occurs on consecutive days leading up to the
time of parturition.
Postsynaptic GABAA Receptor Activity
in SON Neurons
In order to test whether the changing a1:a2 subunit
mRNA ratio altered the electrophysiological properties
of the GABAA receptors expressed by oxytocin neurons,
whole-cell patch-clamp recordings from magnocellular
neurons in the dorsal SON (Rhodes et al., 1981) were
undertaken in the acute brain slice preparation. We
found that spontaneous inhibitory postsynaptic currents
(sIPSCs) recorded from dorsal SON neurons, occurring
in the presence of DNQX and AP5, were blocked by
bicuculline (n 5 4), as also shown previously (Brussaard
et al., 1996). Moreover, application of TTX (n 5 4) and/Figure 1. Quantitative Cellular Analysis of GABAA Receptor a1 and
or nominal zero extracellular calcium (n 5 4) had noa2 Subunit mRNA Expression in Magnocellular Neurons of the Dor-
sal Supraoptic Nucleus on P19, P20, and PPD1 Rats effect on the frequency or the amplitude of sIPSCs,
indicating that we recorded miniature sIPSCs (Mody et(A) Mean (6 SD) number of silver grains per magnocellular neuron
in each experimental group (n 5 6 animals per group) following al.,1994; Brussaard etal., 1996). A remarkabledifference
hybridization for the a1 or a2 subunit. Double asterisks indicate p , in the waveform of sIPSCs was exhibited by oxytocin
0.003, post-hoc Student-Newman-Keuls test. neurons in P20 and PPD1 (2±24 hr after parturition) rats
(B) Histogram distribution analysis of cellular a1 subunit mRNA ex-
(Figures 2A and 2B), with the decay time constant ofpression in the dorsal supraoptic nucleus of P19, P20, and PPD1
sIPSCs in P20 animals being significantly faster than inrats. Each bar shows the percentage of neurons (n 5 120 pooled
PPD1 animals (18 6 4 ms versus 27 6 5 ms, respectively;from six different animals) expressing different levels of silver grains
per magnocellular neuron. Silver grain expression was grouped in Figures 2C, 2D, and 2F; individual sIPSCs were ade-
units of ten; for example, ª80º represents all neurons expressing quately fitted with a single exponential: see Experimen-
80±89 silver grains. Note the generalized leftward shift to lower tal Procedures). The average sIPSC amplitude (Figures
levels of a1 subunit expression per cell as the day of parturition
2E and 2F) and interval (Figure 2F) were not differentbecomes imminent.
between P20 and PPD1 animals. These observations
indicate that over a period of approximately 45 hr, an
increase in the decay time constant of sIPSCs in magno-
a1 and a2 subunits. In addition, we show that the cellular oxytocin neurons occurs coincident with the fall
changes in GABAA receptor function in this cell type over in a1:a2 subunit mRNA ratio.
late pregnancy may play a crucial role in the regulation of
their electrical activity.
Neurosteroid Sensitivity of GABAA Receptors
in SON NeuronsResults
Allopregnanolone (3a-OH-DHP), the neurosteroid me-
tabolite of progesterone (Hu et al., 1987), is well-estab-GABAA Receptor a Subunit mRNA
Expression in the SON lished as an endogenous allosteric modulator of the
GABAA receptor (Lambert et al., 1995). The levels ofQuantitative in situ hybridization demonstrated that cel-
lular a1 subunit mRNA expression in the dorsal SON, 3a-OH-DHP in the brain, and in particular within the
hypothalamus, achieve concentrations as high as 100where the magnocellular oxytocin neurons are located
(Rhodes et al., 1981), declined significantly over preg- nM during pregnancy (CorpeÂchot et al., 1993), which is
within the range known to potentiate (maximally) GABAAnancy day 19 and day 20 (P19 and P20; the last two
days of pregnancy) and the day of parturition itself (post- receptor activity (Twyman and McDonald, 1992). As this
could be of physiological significance to the gonadalparturition day 1 or PPD1; Figure 1A). Histogram analysis
showed this to be a generalized decrease throughout steroid feedback control of oxytocin neurons during late
pregnancy, we examined whether sIPSCs in magnocel-the dorsal magnocellular cell population (Figure 1B). In
contrast, expression of a2subunit mRNA inmagnocellu- lular oxytocin neurons were modulated by this neuroste-
roid and whether this was altered by the change in a1:a2lar neurons, assessed in consecutive brain sections
from the same animals, remained stable over these 3 mRNA ratio of these cells upon parturition.
In P20 rats, administration of 3a-OH-DHP resulted indays (Figure 1A). Previous studies had shown that ex-
pression of the other GABAA receptor subunits (b2/3 a reversible increase in the sIPSC decay time constant
within 2±4 min of application at the recording site (Fig-and g2) synthesized by oxytocin neurons did not change
between P19 and PPD1 (Fenelon and Herbison, 1996). ures 3A±3C) in the majority of cells tested (four of five).
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Figure 3. Shift in 3a-OH-DHP Sensitivity of GABAA Receptor due to
Parturition
(A) Superimposed averages of 50 spontaneous IPSCs recorded from
dorsal SON neurons both before (P20) and after (PPD1) parturition,
in the absence and presence of 1 mM 3a-OH-DHP concentrations.
(B) Lognormal curves fitted to the IPSC decay time constant histo-
gram before (control) and after 3a-OH-DHP application (1 mM) at
P20 and PPD1.Figure 2. SlowerDecay of GABAA Receptor-Mediated SynapticCur-
(C) Overall effect of 3a-OH-DHP at 1 mM and 10 mM on sIPSC decayrents in Dorsal SON Neurons of Adult Female Rats with Parturition
in P20 (n 5 5) and PPD1 (n 5 7) animals. ANOVA F[5,23] 5 4.271;(A and B) Spontaneous IPSCs from dorsal SON neurons before (A)
p , 0.007; post-hoc comparison indicated: double asterisks, p ,and after (B) parturition.
0.05, and triple asterisks, p , 0.001, compared to the control decay.(C) Superimposed averages of 50 sIPSCs from three different re-
(D) Scatter plots of the decay time constants (each dot representscordings at P20 and PPD1, normalized to the maximal amplitude of
the average sIPSC decay time constant of one neuron in theabsenceIPSC.
of neurosteroid) versus the relative effect at 1 mM or 10 mM of 3a-(D) IPSC decay time constant histograms from representative SON
OH-DHP on the sIPSC decay. Linear regression lines fitted to theserecordings at P20 and PPD1 with lognormal functions fitted to the
data showed, for both concentrations, the significant correlation in araw data.
Pearson correlation test at p , 0.001 (Bartlett Chi-square statistics).(E) Amplitude histogram of sIPSCs at P20 and PPD1. Lognormal
functions fitted to the raw amplitude data in eachexperiment yielded
a mean and standard deviation for each experiment.
magnocellular neurons (five of seven cells; Figures 3A(F) Summary of the sIPSC properties recorded from all P20 and
PPD1 rats. Note the absence of any effect upon sIPSC amplitude and 3B) was unresponsive to the neurosteroid at either
or interval, while a significant increase in sIPSC decay time constant 1 or 10 mM, while in two remaining cells, the ability
was observed in PPD1 animals compared with P20 rats (n 5 21 and of 3a-OH-DHP to potentiate the GABAA receptor was8, respectively; triple asterisks indicate p , 0.001, t test).
significantly reduced (since they only responded to 10
mM). Overall, there were no significant effects of 3a-OH-
DHP on the magnocellular neuron sIPSC amplitude orThe neurosteroid effect on the sIPSC decay was dose-
dependent, with a mean (6 SD) decay time constant of decay in PPD1 rats (Figure 3C). Further, we found a
significant linear reverse correlation between the sIPSC18 6 4 ms prior to application, 30 6 4 ms at 1 mM 3a-OH-
DHP (Figures 3A and 3B), and 45 6 9 ms at 10 mM 3a- decay time constant and the sensitivity to 3a-OH-DHP
(Figure 3D): the sIPSC decay became slower in neuronsOH-DHP (Figure 3C; slow onset of the effect indicated
that the lipophilic nature of 3a-OH-DHP gave rise to that were relatively insensitive to 3a-OH-DHP. In other
words, the change in decay time constant of sIPSCextensive dilution). In agreement with a previous report
(Twyman and McDonald,1992), we found noeffect of the between P20 and PPD1 is strongly correlated with a
relative shift (or loss) in receptor sensitivity to allopreg-neurosteroid upon sIPSC amplitude, thus suggesting an
action of 3a-OH-DHP on the single-channel open time nanolone, suggesting that they are brought about by a
common causal mechanism.of native GABAA receptors.
The effect of 3a-OH-DHP on sIPSCs in PPD1 rats Together, these observations indicate that GABAA re-
ceptors, synthesized by native neurons expressing awas markedly reduced; the majority of the recorded
Neuron
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relatively high a1:a2 subunit mRNA ratio, in conjunction
with b and g2 subunit mRNAs (Fenelon and Herbison,
1995; Fenelon et al., 1995), are potentiated by the neu-
rosteroid 3a-OH-DHP, while neurons with a lower a1:a2
subunit mRNA ratio are relatively insensitive.
Change in a1:a2 Subunit Ratio Causes Alteration
in Synaptic Current Kinetics
Our observations with native magnocellular neurons
suggested that the a1:a2 subunit mRNA ratio of a cell
played a role in determining the sIPSC decay kinetics
of its GABAA receptors. In order to test this hypothesis
directly, we used an in vitro organotypic slice culture of
rat neocortex, where, as in vivo (Laurie et al., 1992),
neurons synthesize both a1 and a2 subunits of the GABAA
receptor (Figure 4A) and where we have shown pre-
viously that expression of the a2 subunit can be manipu-
lated (Brussaard and Baker, 1995) using the antisense
oligonucleotide approach (Listerud et al., 1991; Akhtar
and Juliano, 1992; Murray and Crockett, 1992; Woolf et
al., 1992; Yu et al., 1993; Brussaard, 1997). These neu-
ronal explants were treated with repeated applications
of 10 mM of an antisense oligonucleotide specific for a2
subunit mRNA (a2 AS) for seven days. This resulted in
a marked (68% 6 8%) reduction in a2 subunit protein
(Figure 4B) as well as a decrease in the maximal ampli-
tude of electrically evoked GABAergic IPSCs (66% 6
12% reduction; n 5 9 control versus n 5 8 a2 AS treated
cells; ANOVA:F[2,18] 5 17.821; post hoc test, p , 0.009).
Evoked glutamatergic excitatory postsynaptic currents
in the same recordings were not reduced in amplitude
by a2 AS treatment (n 5 7; data not shown). An a2
mismatch (MM) treatment used as a control (see also
Brussaard, 1997) did not affect the a2 subunit protein
concentration (Figure 4B; n 5 4) nor the maximal whole-
Figure 4. Expression of a1 and a2 Subunit mRNA in Organotypical
cell GABAA responses (n 5 4; data not shown). In Neocortex Explants and Effect of Antisense Deletion of a2
addition, a selective a1 AS treatment failed to affect
(A) In situhybridization showing a1 anda2 subunit mRNA expression
significantly the a2 protein concentration (n 5 4) or the at the cellular level in layer II-IV neocortex cells in slices cultures.
maximal amplitude of whole-cell GABAA responses (n 5 Magnification, 2503.
(B) Detail of immunoblots of total protein from the neocortex ex-6; data not shown). Next, we recorded monoquantal
plants probed with an a2 subunit±specific polyclonal antiserumsIPSCs from neurons in the neocortex cultures and
(McKernan et al., 1991). Molecular markers indicate the extent offound that they were unaffected by 2 mM TTX or nominal
migration of a 52 kDa protein (line), the predicted size of the a2
zero extracellular calcium (n 5 4; data not shown). The protein. Identical amounts of total protein from untreated control
a2 AS treatment had no effect on sIPSC interval (data (lane 1), a2 AS (lane 2), and a2 MM (lane 3) treated explants were
not shown) but significantly reduced its amplitude (Fig- loaded. The amount of a2 protein relative to control was determined
by densitometric measurement of autoradiograms. This showed aures 5A and 5D), suggesting that the significant de-
68% 6 8% reduction in a2 protein content in a2 AS treated explantscrease in a2 subunitprotein levels resulted in a reduction
compared to either control or a2 MM treated cultures (n 5 4 perin the postsynaptic receptor number. Most importantly,
group).however, the a2 AS application was found to result in
the disappearance of slowly decaying sIPSCs (Figures
5B±5D). The a2 MM treatment affected neither theampli- subunit ratio expression and functioning identified here
tude nor the decay of sIPSCs (Figures 5A±5D). This dem- around the time of parturition would have important con-
onstrates that, in neurons expressing both the a1 and sequences for the firing activity and, thus, the hormonal
a2 subunits of the GABAA receptor, it is the latter that output of these cells. To test this hypothesis, we under-
engenders long open time kinetics on the ion channel. took current clamp recordings of oxytocin neurons, se-
lected using the criteria of Stern and Armstrong (1995)
(Figure 6A). Specifically, we asked if 3a-OH-DHP influ-GABAA Receptor-Mediated Synaptic Input
Controls Oxytocin Neuron Firing enced the electrical activity of these cells and whether
this would change over the course of late pregnancy inand Hormone Secretion
As GABAergic synapses comprise approximately 40% line with the decreased neurosteroid sensitivity of their
GABAA receptors. To this end, we used physiologicalof all inputs directed at oxytocin neurons (Gies and
Theodosis, 1994), it seemed likely that changes in a1:a2 relevant asymmetrical intra- and extracellular chloride
Subunit Switch of GABAA Receptors in Mature CNS
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Figure 5. Faster sIPSC Decay Following Anti-
sense Deletion of the a2 Subunit
(A) Representative single (top) and averaged
(from 50events, lower trace) sIPSCs recorded
from neurons in control (n 5 9), a2 AS (n 5
7), and a2 MM (n 5 4) treated explants.
(B) sIPSCs from these cultures but here nor-
malized for peak amplitude and with monoex-
ponential curves fitted to their decays. Note
the faster decay at a2 AS.
(C) Lognormal curves fitted to the sIPSC de-
cay time constant histograms for each exper-
imental.
(D) Scatter plots of average sIPSC amplitude
versus the average sIPSC decay time con-
stant per experiment. Overall, a2 AS signifi-
cantly reduced the sIPSC amplitude (ANOVA
F[2,17] 5 6.3; p , 0.009; post-hoc compari-
son with the control and the a2 MM, respec-
tively:p , 0.003 and0.05) as well as the sIPSC
decay time constant variance (Fmax test: S2max/
S2min 5 8.78, p , 0.05).
conditions (Ebihara et al., 1995), thus shifting the rever- which resulted in a significant reduction in the average
number of spikes per second (Figure 6F). This effect ofsal potential (Erev) of GABAA receptor-mediated currents
to a hyperpolarized value (267 mV). In addition, the 3a-OH-DHP was absent at PPD1 (Figure 6F). In addition,
we noticed premature disruption or termination of ongo-recording temperature was set at 338C to stimulate elec-
trical and/or release activity in presynaptic cells. Finally, ing discharges in P20, but not in PPD1, slices (Figure
6G), which were followed by prolonged periodsof nonfir-in these experiments, glutamate receptor-mediated syn-
aptic input was no longer blocked (i.e., no DNQX or AP5 ing as long as the neurosteroid was present in the bath
(n 5 4; data not shown). Recovery from nonfiring waswas added to the bath).
We found that under current clamp, bicuculine caused observed after 20±30 min of washing, leading to the
spontaneous occurrence of high-frequency firing (n 5a long-lasting but reversible decrease in spike interval,
indicating that the GABAA receptor mediates a powerful 4; data not shown).
These current clamp recordings indicate that the 3a-tonic inhibition of spike activity in oxytocin neurons (Fig-
ure 6B). Voltage clamp recordings of these cells at a OH-DHP potentiation of the GABAA receptor helps to
restrain the electrical activity of magnocellular oxytocinholding potential of 240 mV (close to the resting mem-
brane potential under current clamp) yielded outward neurons until the day of parturition. Although the rela-
tionship between oxytocin neuron firing and oxytocinsIPSCs as expected under the asymmetrical chloride
conditions (Figure 6C). The frequency of sIPSCs (89 6 secretion from the posterior pituitary is well-described
(Bicknell et al., 1984), we performed a further experiment19 ms at 338C; Figure 6C) was high as compared to that
observed at room temperature (410 6 20 ms at 228C; to establish whether the GABAA receptor is responsible
for maintaining a tonic inhibition of plasma oxytocinsee Figure 2). Furthermore, the decay of the IPSCs was
much faster (Figure 6D). The outward events were com- secretion in the late pregnant rat. Conscious female rats
(n 5 6) given an intravenous injection of bicuculline (2pletely blocked by bicuculline (20 mM, n 5 10; data not
shown), whereas both their amplitude and their fre- mg/kg) on the morning prior to parturition were shown
to exhibit a marked and transient 200% increase (p ,quency were reduced in nominal zero extracellular cal-
cium, which is in line with the idea that at 338C, both 0.001) in plasma oxytocin levels (Figure 7).
Together, the spike recordings and in vivo oxytocinspontaneous and evoked IPSCs occur (n 5 4; data not
shown). data indicate that the characteristic changes in GABAA
receptor functioning displayed by oxytocin neurons nearUpon continuous application of 3a-OH-DHP in P20
slices, we observed a progressive decrease in spiking the time of parturition have physiological significance
in terms of their electrical behavior and that this is veryactivity between 3±5 min of application (Figure 6E),
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Figure 6. Allopregnanolone Sensitivity of
GABAA Receptor-Mediated Synaptic Input In-
hibits the Firing of Oxytocin Neurons before,
but Not after, Parturition
(A) Whole-cell current clamp revealed the
membrane properties characteristic for the
oxytocin neurons: from a membrane potential
of 250 mV (20.1 6 0.03 nA; n 5 10), during
hyperpolarizing command pulses, outward
rectification was observed, followed by re-
bound depolarizations with bursts of sponta-
neous firing activity at the offset of such
pulses. Upon release from prolonged hyper-
polarization (.5 min using 20.1 to 20.2 nA),
most of these cells (10 out of 13) displayed
tonic firing activity with a firing frequency of
10.1 6 0.1 Hz.
(B) Application of bicuculline (20 mM) revealed
that the firing rate of oxytocin neurons is de-
pendent upon a GABAA receptor-mediated
tonic inhibition.
(C) Whole-cell voltage clamp of the same
cells at 240 mV showed outward (upward
plotted) GABAA receptor-mediated postsyn-
aptic currents (Erev 5 265 6 3 mV; n 5 5) with
an average interevent interval of 83 6 19 ms
as well as (downward plotted) glutamate-
mediated synaptic events.
(D) Superimposed traces showing individual
GABAA receptor-mediated synaptic events
from the same recording.
(E) The frequency of tonic spiking of oxytocin
neurons before parturition was reduced after
application of 10 mM 3a-OH-DHP.
(F) Three minutes of 3a-OH-DHP application
at P20 (n 5 6) leads to a 46% 6 12%reduction
in firing frequency (ANOVA: F[3,16] 5 4.210;
p , 0.023; post-hoc testing: asterisk indi-
cates p , 0.01), whereas at PPD1 (n 5 4),
there was no effect.
(G) Ongoing continuous firing activity in these
cells was prematurely terminated upon appli-
cation of 3a-OH-DHP. At P20, 3a-OH-DHP
(arrow, moment of application) stopped on-
going firing activity within 284 6 15 s, re-
sulting in a total duration of the discharge of
454 6 22 s (n 5 4), as compared to 1067 6
229 s (n 5 4) obtained under control condi-
tions from the same cells (ANOVA: F[3,12] 5
4.597; p , 0.05; post-hoc testing: double asterisks indicate p , 0.05). At PPD1, no effect on the total duration of the discharge upon 3a-OH-
DHP application was observed (control versus discharge with 3a-OH-DHP, both n 5 4).
likely to impact upon the ability of these cells to restrain addition, we show that such changes in GABAA receptor
function are of physiological relevance for the regulationplasma oxytocin secretion in late pregnancy.
of the electrical activity of the oxytocin neurons at late
pregnancy.Discussion
The endogenous change in a1:a2 subunit ratio identified Expression of a1 and a2 Subunits in Neurons
We report here a selective alteration in a1 subunit mRNAhere in magnocellular oxytocin neurons at the time of
parturition has provided a useful model with which to expression at the time of late gestation in magnocellular
oxytocin neurons. Previous studies have shown largeexamine the relationship of a subunit gene expression
to the functional properties of the GABAA receptor in changes in a1 subunit synthesis throughout the CNS
during neonatal development and suggested that thenative neurons of the rat brain. We demonstrate here
that GABAA receptor subunit expression patterns can a1 subunit substitutes for the a2 subunit as expression
of the latter declines with maturation of the CNS (Mac-change in adult neurons under normal physiological cir-
cumstances and that an alteration in a1:a2 subunit Lennan et al., 1991; Laurie et al., 1992; Fritschy et al.,
1994). At an intermediary developmental stage, somemRNA ratio has substantial effects upon both the sIPSC
decay characteristics and neurosteroid sensitivity of na- cell populations have been observed to express both
the a1 and a2 subunits of the GABAA receptor (Fritschytive GABAA receptors in the CNS of the adult rat. In
Subunit Switch of GABAA Receptors in Mature CNS
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these observations indicate that the a subunit contribu-
tion in native GABAA receptors has a role in determining
the decay kinetics of the receptor.
We hypothesize that the relatively high a1 subunit
mRNA expression of oxytocin neurons during late preg-
nancy results in the accumulation of the a1 subunit±
dominated receptor subtype at the sites of spontaneous
GABA release and that this, in turn, underlies the occur-
rence of relatively fast decaying sIPSC. As the time of
parturition nears, the abundance of the a1 subunit falls
to unmask the a2-containing receptors that now be-
come predominant and generate the slowly decaying
sIPSCs of these cells seen after parturition. Recombi-
nant GABAA receptor expression data also support the
idea that changes in a subunit contribution affect the
decay of the ionic currents through these receptors
Figure 7. GABAA Receptor-Mediated Restraint of Oxytocin Secre- upon brief applications of agonist; the decay time con-tion in the Late Pregnant Rat
stant(s) of a1-containing receptor responses are rela-Individual rats were bled at five time points over 25 min with IV
tively fast, whereas a2- (Lavoie and Twyman, 1996) oradministration of saline (closed circles, n 5 6) or 2 mg/kg bicuculline
a3- (Verdoorn, 1994) containing receptor responses de-(open squares, n 5 6) given following the 10 min sample (arrow).
Plasma oxytocin concentrations (given as percentage change from cay more slowly.
levels at 0 min) were raised by up to 200% following bicuculline Classical models (Mody et al., 1994) suggest that the
(ANOVA; F 5 8.943, p 5 0.0001 with post-hoc Dunnett's test) but burst length of the single-channel openings of postsyn-
unchanged following saline (ANOVA; F 5 0.059, p . 0.05).
aptic GABAA receptors, following their brief and syn-
chronous activation by excessive amounts of GABA re-
leased from a single vesicle, is solely responsible for
et al., 1994). It is interesting to note that the magnocellu- determining the time course of an sIPSC. In this sce-
lar oxytocin neurons reside within an hypothalamic nu- nario, the amplitude of miniature sIPSCs is determined
cleus that is thought to retain a number of embryonic- by the number (and the slope conductance) of the post-
like features in adulthood (Theodosis and Poulain, 1993). synaptic receptors per synaptic bouton, while the dura-
One of these may be the ability of its oxytocin neurons tion of the sIPSC decay is dependent on the kinetic
to express both a1 and a2 subunits of the GABAA recep- properties of the postsynaptic receptors, which in turn
tor and differentially regulate synthesis of the former. depend on the subunit composition of the postsynaptic
Although it remains to be determined whether oxyto- receptors. This suggests that a prolonged average sin-
cin neurons form GABAA receptors comprised of both a gle-channel open time of GABAA receptors as induced
subunitsor each subunit independently, the latter seems by allopregnanolone (Twyman and McDonald, 1992)
more likely. The a1b2/3g2 subunit combination, which should also be reflected in a prolonged decay of sIPSCs
could be expressed by oxytocin neurons, is probably in our present experiments. The fact that this indeed
the major GABAA receptor subtype in the CNS (McKer- occurred, without an alteration of the amplitude of these
nan and Whiting, 1996), and evidence exists for only a events, suggests that during each sIPSC, the postsyn-
minor degree of a1 and a2 subunit coassembly in native aptic receptors at this synapse are pharmacologically
GABAA receptors (Duggan et al., 1991; McKernan and saturated by the amount of GABA released by a single
Whiting, 1996). The hippocampal pyramidal cells are one vesicle into the synaptic cleft.
of the few populations of neurons also found to express In contrast to the relatively fast and monoexponential
both a1 and a2 subunits of the GABAA receptor in the decay of sIPSCs in our recordings on SON neurons
adult brain, and recent electron microscopic studies and those of others using dentate gyrus hippocampal
have shown the existence of separate a1- and a2-con- neurons (De Koninck and Mody, 1994) and Purkinje cells
taining GABAA receptor domains in these cells (Nusser in the cerebellum (also known to express a1b2/3g2; Puia
et al., 1996). If a similar situation exists for magnocellular et al., 1994), it has been found in a variety of other model
oxytocin neurons, then the changes that we have de- systems that sIPSCs may decay with two time constants
tected in a1 subunit mRNA content over late gestation (Edwards et al., 1990; Jones and Harrison, 1993; Borst
may (partly) underlie a temporal switch in the synthesis et al., 1994). Jones and Westbrook (1995) reported that
of an a1 only±containing GABAA receptor subtype in the latter observationscould be explainedby fast desen-
these cells to the synthesis of a2 only±containing re- sitization properties of GABAA receptors, which would
ceptors. frequently drive the channels into a desensitized state,
even though the synaptic GABA transients reach satu-
Effects of the a Subunit on IPSC Decay rating concentrations only for one or a few milliseconds.
We report here the existence of a good correlation be- Such fast desensitization behavior would limit the peak
tween the a1:a2 subunit mRNA ratio of oxytocin neurons open probability of sIPSCs and give rise to contribution
and the decay characteristics of their sIPSCs. Further- of a slow decaying component.
more, we demonstrate that antisense deletion of the a2 Regardless of the mechanism underlying the occur-
subunit in neurons expressing both a1 and a2 subunits rence of biexponential decay of sIPSCs, it is currently
unclear why it occurs in some cell types butnot in others.results in the loss of slowly decaying sIPSCs. Together,
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Most likely, this complexity is due to both differential Physiological Relevance of GABAA Receptor
Subunit Changes for Oxytocin Neuronsexpression of distinct GABAA receptor subunit combina-
tions and to cell-specific differences in posttranslational The magnocellular oxytocin neurons release oxytocin in
an episodic manner directly into the general circulationmodifications. In addition, raised intracellular calcium
may alter the synaptic GABAA receptor current decay at the time of birth to facilitate delivery of each pup
and also subsequently to enable lactation. As such, the(De Koninck and Mody, 1996), although not in the case
of the oxytocin neurons between P20 and PPD1, since electrical and biosynthetic activity of these neurons is
necessarily cyclical and coordinated with each episodewe recorded with 1 mM of EGTA in the pipette under
both conditions. of reproductive activity. Hence, it is has not been sur-
prising to find that magnocellular oxytocin neurons andIn conclusion, although we cannot exclude that differ-
ences occur in posttranslational modifications of the their neuronal-glial connections exhibit a substantial de-
gree of plasticity in the adult CNS (Theodosis and Pou-GABAA receptors in oxytocin neurons between P20 and
PPD1, thecurrent hypothesis generated from our correl- lain, 1993; Hatton, 1997). We show here that this plastic-
ity is likely to extend to the regulation of postsynapticative and antisense experiments is that the differences
in sIPSC decay identified in this study result from GABAA receptor expression and functioning in oxytocin
neurons.changes in the a subunit contribution to postsynaptic
GABAA receptors expressed by these cells at the differ- Together with previous work (Fenelon and Herbison,
1996), it is demonstrated now that the a1 subunit mRNAent female reproductive stages.
content of oxytocin neurons increases progressively
during pregnancy until P19, at which time it begins toNeurosteroid Sensitivity of GABAA
Receptor Subtypes fall to reach lower than ªbasalº levels on the day of
parturition. On the basis of our electrophysiological find-We show here that the switch from a high to low a1:a2
subunit mRNA ratio in native oxytocin neurons results ings, the functional significance of this up- and down-
regulation of the a1 subunit seems most likely to dependin a substantial decrease in the allopregnanolone poten-
tiation of GABAA receptors. Although there is little upon the allosteric modulatory actions of allopregnano-
lone on oxytocin neuron GABAA receptors.agreement on which GABAA receptor subunit is required
for 3a-OH-DHP action (Lambert et al., 1995), early inves- Endogenous 3a-OH-DHP concentrations in the hypo-
thalamus are at their highest in late pregnant rats (Cor-tigations suggested that the functional expression of
the a1 subunit was essential (Puia et al., 1990). The first peÂ chot et al., 1993). Our recordings indicate that sIPSC
decay time constants in the presence of a maximal con-study to compare a1 and a2 subunits directly showed
that recombinant bovine GABAA receptors containing centration of neurosteroid in P20 rats will be in the order
of 40±50 ms (compare decay time constants of 18 6 4the a1 subunit were 10-fold more sensitive to 3a-OH-
DHP than those utilizing the a2 subunit and that the ms in controls and 45 6 9 ms at the highest 3a-OH-
DHP concentration; Figure 3C). However, as the time ofpresence of the g2 subunit increased the 3a-OH-DHP
potency even further (Shingai etal., 1991). Allopregnano- parturition draws nearer, the loss of GABAA receptor
sensitivity to 3a-OH-DHP, coupled with the falling levelslone has also been reported to enhance benzodiazepine
binding to a1-containing receptors with much greater of the allopregnanolone precursor progesterone, will re-
sult in sIPSC decay time constants of 20±30 ms. This isefficacy than to a2-containing receptors in the rat brain
(Bureau and Olsen, 1993). Moreover, it was shown re- likely to provide a slow disinhibition of oxytocin neurons
and enable their electrical activation by other neuro-cently that the subunit composition of human recombi-
nant GABAA receptors may similarly determine selectiv- transmitter inputs at the appropriate time (Herbison et
al., 1997). Indeed, we show here that repressed levelsity for the neurosteroid pregnanediol (5a-pregnan-3a,
20a-diol), a reduced metabolite of allopregnanolone. of oxytocin neuron electrical activity and hormone se-
cretion in late pregnant rats are dependent upon a tonicOnce again, receptors containing the a1 subunit were
found to be 6- to 10-fold more sensitive than GABAA inhibition mediated by the GABAA receptor and that
the ability of 3a-OH-DHP to enhance this inhibition fallsreceptors expressing the a2 subunit (Belelli et al., 1996).
We now show that native neurons expressing an ele- dramatically over the last two days of pregnancy. The
physiological significance of such a mechanism may bevated a1:a2 subunit ratio, in conjunction with the g2
magnified further by the known presence of 3a-OH-subunit (Fenelon and Herbison, 1995), exhibit allopreg-
DHP-sensitive GABAA receptors on magnocellular nervenanolone-sensitive GABAA receptors, while those with
terminals in the pituitary gland (Zhang and Jackson,a low a1:a2 subunit mRNA ratio express a receptor
1994).subtype that is relatively insensitive to this neurosteroid.
The lipophilic nature of 3a-OH-DHP has not enabled us
to determine the exact concentration of 3a-OH-DHP Conclusions
Recent evidence indicates that neurons can expressresponsible for modulating GABAA receptors on oxyto-
cin neurons. However, we note that levels of this neu- different GABAA receptor subtypes at different subcellu-
lar locations and that this may enable neurons to regu-rosteroid are at their highest in late pregnancy (z100 nM;
CorpeÂ chot et al., 1993), and we found dose-dependent late the efficacy of GABA inputs from diverse origins in
a spatially differentiated manner (Buhl et al., 1994; Nus-effects of 3a-OH-DHP on the sIPSCs recorded from
oxytocin neurons of P20 rats. Together, these observa- ser et al., 1996). Our current observation of functionally
significant plasticity in a subunit expression during latetions provide substantial evidence for the importance
of the a1 subunit in enabling native GABAA receptors to pregnancy indicates that matureneurons may also regu-
late the existence of specific GABAA receptor subtypesexhibit allopregnanolone sensitivity in the adult rat brain.
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for each experiment, which is similar to the average interval. 3a-OH-in a temporal fashion under physiological conditions.
DHP (2a-pregnan-3a-ol-20-one) was from RBI (Natick, MA) and dis-With respect to the oxytocin neurons, we have shown
solved in DMSO at a stock concentrations of 10 mM and furtherthat a reduction in the a1:a2 GABAA receptor subunit diluted in nACSF. Control applications of DMSO (0.1% in nACSF)
ratio is causally related to a small but significant length- had no effect on the sIPSC decay, either in P20 or in PPD1 SON
ening of the decay time constant of sIPSCs, while at recordings (n 5 8 for both conditions; data not shown).
the same time, the ability of neurosteroids to increase
Whole-Cell Current Clamp Recording of SON Neuronsfurther this decay time constant is largely reduced. Spe-
Current clamp recordings were obtained at 338C using nACSF ascifically, the latter change in GABAA receptor properties
bathing medium and an intracellular pipette medium containing 33may lead to disinhibition of oxytocin neurons toward
mM KCl, 131.7 mM C4H6NO4K, 10 mM HEPES, 2 mM MgATP, 0.1the end of pregnancy. These findings underscore that mM GTP free acid, and 0.05 mM EGTA. The intracellular chloride
it is the subunit composition of ligand-gated receptors conditions are based on a report by Ebihara et al. (1995). Whole-
that dictates both their biophysical and their pharmaco- cell current clamp recordings using the Axopatch 200A were com-
pared to sharp electrode intracellular recordings using the Axoclamplogical properties and that, similar to the developing
2A amplifier within the same slices: we observed no differences inneuromuscular junction (Sakmann and Brenner, 1978;
the spike frequency with 0 nA of current injection (data not shown).Fischbach and Schuetze, 1980) and embryonic nervous
Selected recordings used for data in this paper fulfilled all of the
system (Marshall, 1985; Moss et al., 1989; Brussaard following criteria. (1) After a minimum of 10 min in the whole-cell
et al., 1994), neurons of the adult CNS are capable of mode, under current clamp conditions from a holding potential of
regulating the subunit composition of their postsynaptic 250 mV, hyperpolarizing pulses induced a time-and voltage-depen-
dent outward rectification, followed by rebound depolarization and/ligand-gated ion channels in order to switch between
or spiking activity at the offset of such pulses (Figure 6A, characteris-different modes of synaptic transmission.
tic for oxytocinergic SON neurons; Stern and Armstrong, 1995). (2)
Under voltage clamp conditions, outward sIPSCs were visible at a
Experimental Procedures holding potentialof 240 mV (Figures 6C and 6D) with an approximate
reversal potential not significantly different from a theoretical Erev of
a Subunit mRNA In Situ Hybridization in the SON 267 mV. (3) Under current clamp conditions following a prolonged
In situ hybridization for the a1 and a2 subunit mRNA in dorsal SON period of nonfiring due to hyperpolarizing current injection (0.1 or
was undertaken as reported previously (Fenelon and Herbison, 0.2 nA), a long-lasting discharge of continuous, tonic firing was
1996). In brief, 35S-labeled 42- and 45-mer oligonucleotides comple- observed (as is often seen in oxytocinergic cells under current
mentary to the rat a1 and a2 subunits of the GABAA receptor were clamp; Armstrong et al., 1994). Current clamp protocols were either
hybridized to alternate 15 mm thick coronalbrain sectionscontaining recorded directly on-line using homemade software (by Prof. T. A.
the SON and quantitative silver grain analysis undertaken using de Vlieger) and the CED 1400 for AD conversion at a sampling rate
computerized imaging. For each animal, 20 magnocellular neurons of 2 kHz (Figure 6A) or recorded off-line, after storage on DAT tapes,
located in the oxytocin-rich dorsal aspect of the SON were analyzed using the J. Dempster CDR software (Univ. Strathclyde, Glasgow,
and mean silver grains per neuron per animal determined to enable UK) at a sampling rate of 10 kHz (Figures 6B, 6E, and 6F).
calculation of group averages (n 5 6 rats, group). The individual
neuron values from each animal were also pooled (120 cells per Neocortex a Subunit mRNA In Situ Hybridization
animal group of 6) for each group to enable histogram analysis of The neocortex slice culture was performed as described previously
the distribution of mRNA expression within the dorsal SON (Figure (Brussaard and Baker, 1995). For in situ hybridization, sections pre-
1B). P19 and P20 rats were killed between 10:00 and 12:00 hr while pared from neocortex explants were hybridized with [35S]UTP-
PPD1 rats were taken 1±2 hr following delivery of the first pup. labeled cRNA probes complementary to the a1 and a2 subunits of
the GABAA receptor (1 3 106 cpm per section). The cRNA probes
were transcribed in vitro from full-length a1 and a1 subunit cDNAsWhole-Cell Voltage Clamp Recording of SON Neurons
subcloned into Bluescript SK(2) (kindly provided by Dr. LuddensSpontaneous IPSCs were recorded from the supraoptic nucleus at
and Dr. Seeburg). cDNA was PCR amplified with specific primers208C as described previously (Brussaard et al., 1996). Slices were
flanking the T7 and T3 RNA polymerase promotors, gel purified, andbatched in carboxygenated nACSF containing 125 mM NaCl, 25
used as a template for in vitro transcription. After in vitro transcrip-mM NaHCO3, 3 mM KCl, 1.2 mM NaH2PO4·H2O, 2.4 mM CaCl2·2H2O,
tion, template DNA was degraded with RNAse2free DNAse I, and1.3 mM MgSO4·7H2O, 10 mM D12glucose (304 mosm, carboxygen-
cRNA was partially hydrolyzed to create 150±200 base fragmentsated in 5% CO2/95% O2 [pH 7.4]). The pipette medium contained
for increased penetration during in situ hybridization. cRNA probes141 mM CsCl, 10 mM HEPES, 2 mM MgATP, 0.1 mM GTP free acid,
were synthesized in the presence of [35S]UTP (NEN-Dupont; specificand 1 mM EGTA (adjusted to pH 7.2 using CsOH [296 mosm]). All
activity, 1100±1500 Ci/mmol), according to the protocol provided byrecordings were undertaken at a holding potential of 270 mV. Crite-
the manufacturer of the RNA polymerases (Promega, Madison, WI),ria for selecting cells were as follows. Whole-cell recordings with
with 500 ng of PCR fragment as the template. Sections were hybrid-an uncompensated series resistance (Rs) . 12 MV were rejected.
ized with 1 3 106 cpm of [35S]UTP-labeled riboprobe per section inIn the accepted recordings, the Rs was usually compensated by 80%
hybridization buffer containing 50% formamide, 43 SSC, 13 Den-and whole-cell capacitances averaged at 25 6 4 pF. Recordings in
hardt's solution, 10% dextran sulfate, 500 mg/ml sheared single-which the Rs changed by more than 20% during recordings were
stranded DNA, 0.25 mg/ml yeast tRNA, and 5 M dithiothreitol. Thealso rejected. The IPSC recordings were stored on DAT recordings
diluted probe was applied to sections, cover slipped, and hybridizedtapes (unfiltered and amplified 23 using the Axonpatch 200A ampli-
at 508C overnight in a humid chamber. After washes, hybridizedfier) and analyzed off-line after 1 kHz filtering and AD conversion at
sections were subjected to a standard emulsion coating protocol5 or 10 kHz using a CED 1400 digitizer. For the analysis of the
to reveal individual cells in culture expressing thea1 and a2 subunitsspontaneous synaptic currents, the Strathclyde SCAN and CDR
of the GABAA receptor.software (J. Dempster, University of Strathclyde, Glasgow, UK) was
used. The decay of individual sIPSCs was fitted both with mono- and
biexponential curves (with and without nondecaying components). Neocortex Antisense Experiments
Unmodified 15-mer oligonucleotides taken up by cells (Akhtar andThis showed that the adequate fits were obtained using monoexpo-
nential curves, which were forced to 0 nA. Skewed sIPSC amplitude Juliano, 1992; Yu et al., 1993) will hybridize with high specificity
(Woolf et al., 1992) and result in translational block (Listerud et al.,and decay time constant histograms could only be fitted by single
lognormal functions and provided a mean and standard deviation 1991; Murray and Crockett, 1992; Brussaard et al., 1994; Brussaard
and Baker, 1995; McGehee et al., 1995; Brussaard, 1997). In orderfor each experiment (Brussaard et al., 1996). Interval distributions
were fitted by single exponential curves to obtain the time constant to prevent breakdown of the externally applied oligonucleotides,
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we used a chemically defined serum-free (DNAse free) medium (see Acknowledgments
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